Monospermic fertilization in the frog, Xenopus laevis, is ensured by a fast-rising, positive fertilization potential to prevent polyspermy on the fertilized egg, followed by a slow block with the formation of a fertilization envelope over the egg surface. In this paper, we found that not only the enzymatic activity of sperm matrix metalloproteinase-2 (MMP-2) was necessary for a sperm to bind and/or pass through the extracellular coat of vitelline envelope, but also the hemopexin (HPX) domain of MMP-2 on the sperm surface was involved in binding and membrane fusion between the sperm and eggs. A peptide with a partial amino acid sequence of the HPX domain caused egg activation accompanied by an increase in [Ca 2+ ]i in a voltage-dependent manner, similar to that in fertilization. The membrane microdomain (MD) of unfertilized eggs bound the HPX peptide, and this was inhibited by ganglioside GM1 distributed in the MD. The treatment of sperm with GM1 or anti-MMP-2 HPX antibody allows the sperm to fertilize an egg clamped at 0 mV, which untreated sperm cannot achieve. We propose a model accounting for the mechanism of voltage-dependent fertilization based on an interaction between the positively charged HPX domain in the sperm membrane and negatively-charged GM1 in the egg plasma membrane.
Introduction
Fertilization results in the union of male and female genomes to restore a diploid configuration, which is indispensable for sexual reproduction in animals. To achieve this, most animals exhibit monospermy in which only one sperm enters into an egg at fertilization (Iwao, 2012) . When polyspermy occurs pathologically in monospermic species, the eggs undergo arrest of embryonic development due to multipolar cleavage and aneuploidy. Therefore, animals evolved several blocks to polyspermy to prevent entry of extra sperm after acceptance of the primary sperm (Elinson, 1986; Iwao, 2000 Iwao, , 2012 Wong and Wessel, 2006) . In most anuran amphibians, except for occasional polyspermy in Discogloss picutus (Talevi, 1989) , monospermy is mainly ensured by a fast electrical block to polyspermy (Iwao, 2000 (Iwao, , 2012 . The fast block is mediated by a positive fertilization potential in the fertilized eggs which prevents entry of a second sperm temporally on the egg plasma membrane in anurans, toads and frogs (Charbonneau et al., 1983; Cross and Elinson, 1980; Glahn and Nuccitelli, 2003; Grey et al., 1982; Iwao and Jaffe, 1989) and in primitive urodeles, such as Hynobius salamanders (Iwao, 1989) . Fertilization in those voltage-sensitive species is prevented when the egg membrane potential has been clamped positively, i.e., voltagedependent fertilization. In anurans, permanent prevention is followed by slow blocks: the formation of the S-layer (Stewart-Savage and Grey, 1987) and the fertilization envelope (Grey et al., 1976; Wyrick et al., 1974) over the egg plasma membrane mediated by cortical granule exocytosis. However, higher urodeles (newts and salamanders) exhibit physiological polyspermy (Iwao, 2012; Iwao et al., 1985) , in which the eggs elicit no positive fertilization potential (Charbonneau et al., 1983; Iwao and Jaffe, 1989) and lack the cortical granules necessary for the formation of a fertilization envelope (Iwao, 2000) . The sperm entry into those polyspermic eggs is insensitive to a positive membrane potential (Iwao, 1989; Jaffe et al., 1983) . Although several sperm enter the egg at normal fertilization of physiologically polyspermic species, only one sperm nucleus participates in embryonic development and the other accessory sperm nuclei undergo degeneration, thus ensuring development with a diploid configuration (Iwao and Elinson, 1990; Iwao et al., 1993) .
To clarify the mechanism of fast and electrical blocks to polyspermy, we previously investigated cross fertilization between monospermic and physiologically polyspermic amphibians and found that the entry of sperm of a voltage-sensitive species (Hynobius) into an egg of a voltage-insensitive species (Cynops) was voltage-sensitive (Iwao and Jaffe, 1989) . In the cross between monospermic species (Bufo egg and Hynobius sperm) in which both the sperm and egg exhibit voltage-dependent fertilization, but in which the voltage required to prevent fertilization is different, the voltage to prevent fertilization is that which is characteristic of the sperm species (Iwao and Jaffe, 1989) . Conversely, fertilization of sperm of voltage-insensitive species (Notophthalmus or Cynops sperm) into an egg of voltagesensitive species (Bufo or Xenopus eggs) was voltage insensitive, so that entry of sperm in those species was not affected when the egg's membrane potential was clamped positively (Iwao and Jaffe, 1989; Iwao et al., 1993; Jaffe et al., 1983) . Thus, the voltage-dependence of fertilization results from a component contributed by the sperm. This conclusion is supported by cross fertilization experiments in marine invertebrates between sea urchin eggs and Urechis sperm (Jaffe et al., 1982) .
Based on these findings, we proposed a model to account for voltage-sensing by the sperm (Iwao and Jaffe, 1989) . In voltage-sensitive species, a positively charged molecule responsible for sperm-binding and/or fusion with a membrane might be present in the sperm membrane and results in inhibition of fertilization at positive membrane potentials (Iwao and Jaffe, 1989) . The insertion of a positive molecule of the sperm membrane into an egg membrane might be inhibited by the positive membrane potential, which prevents the interaction with the component necessary for binding and/or fusion between the sperm and eggs. In this respect, the spermegg binding and fusion is intimately connected to the activation of the egg, which is also dependent upon the egg membrane potential. In monospermic Xenopus, a single-transmembrane protein, uroplakin III (UPIII), is expressed in unfertilized eggs and is essential for the establishment of fertilization Sakakibara et al., 2005) . UPIII is a substrate of Src tyrosine kinase in the egg cytoplasm and the cleavage of UPIII by proteases induces activation of phospholipase Cγ to produce inositol 1,4,5-trisphosphate (IP3) Sato et al., 2000 Sato et al., , 2001 . IP3 binds the IP3-receptor on a Ca 2+ store in the egg cytoplasm of cortical endoplasmic reticulum (CER) to release Ca 2+ ions (Nuccitelli et al., 1993; Wagner et al., 2004) . Both UPIII and Src kinase are localized in the membrane microdomain (MD), a low-density, detergent insoluble membrane fraction (membrane raft), in which cholesterol and ganglioside GM1 are enriched (Sato et al., 2002) . UPIII closely contacts GM1 in the MD and the external addition of GM1 in unfertilized eggs inhibits fertilization (Mahbub Hasan et al., 2007) . These results suggest that the sperm bind the MD to transmit a signal for egg activation in association with GM1. Several candidates of the sperm molecule responsible for voltage-dependency have been proposed. Egg activation in the monospermic frog, Xenopus laevis, can be induced by external treatment of the egg with Arg-Gly-Asp (RGD)-containing peptides, which are known ligands for integrins (Iwao and Fujimura, 1996) or peptides containing the KTE amino acid sequence of the metalloprotease/disintegrin/cysteine-rich (MDC) family (xMDC16) (Shilling et al., 1997) . The RGDS peptide also activates the eggs of monospermic Hynobius salamanders (Iwao, 2014) , but the egg activation is insensitive to a positive potential (Iwao and Fujimura, 1996) . Although the xMDC16 peptide (CRMPKTEC) activates the eggs in a voltage-dependent manner, its voltage to block egg activation was higher than that in fertilization and xMDC16 is localized only on the posterior region of the sperm head (Shilling et al., 1998) . Thus, the sperm molecule responsible for voltage-dependent fertilization has yet to be investigated. Matrix metalloproteinases (MMPs) are important for the degradation and modification of the extracellular matrix (ECM) in various cells (Shiomi et al., 2010) . In animal fertilization, the sperm interacts with some ECMs of the eggs, such as the jelly layers and the vitelline envelope (VE) before reaching the egg plasma membrane (see Hedrick, 2008 for a review). In addition, sperm tryptic protease is probably involved in the process of sperm-egg binding and/or fusion, followed by egg activation (Mizote et al., 1999) . In mammalian sperm, MMPs may be involved in sperm passage through the cumulus cells (Beek et al., 2012) , and MMP-2 on the inner acrosomal membrane seems to cooperate in the sperm penetration of the zona pellucida (ZP) (Ferrer et al., 2012) . Furthermore, it has been proposed that MMPs are involved in the process of sperm-egg fusion during fertilization in sea urchins (Kato et al., 1998; Roe et al., 1988) and in mice (Correa et al., 2000) . However, the role of MMPs in amphibian fertilization remains to be investigated.
In the present study, we observed marked MMP enzymatic activity in Xenopus sperm and investigated the role of MMP-2 not only for the interaction with ECMs surrounding the eggs, but also with the MD on the egg plasma membrane. We demonstrated that the enzymatic activity of MMP-2 is necessary for sperm to bind and/or pass through the jelly layers and the VE and the HPX domain of MMP-2 on the sperm surface mediates sperm-egg membrane binding and/ or fusion, which is important for voltage-dependent fertilization in Xenopus.
Results

MMP-2 on the sperm membrane in association with SGP
We first explored whether Xenopus sperm contained metalloproteinase (MMP) activities using gelatin zymography. Both 68 kDa and 55 kDa lytic bands, in addition to a faint 60 kDa band, were observed in a gelatin gel applied by the sperm extract (Fig. 1A, lane 1) . These lytic bands were caused by MMP activities, since no band appeared in the presence of 1 mM o-phenanthroline during incubation of the gel (Fig. 1A, lane 2) . A major band of 68 kDa and minor 60 and 55 kDa bands were detected by Western blot with an antibody against a catalytic domain of human MMP-2 (anti-MMP-2 Catalytic antibody) (Fig. 1B, lane 1) . By comparing the molecular weight of these bands with MMP-2 domain structure ( Fig. 1D and Appendix: Supplementary Fig. S1 ), it is indicated that the lytic activities in the 68, 60, and 55 kDa bands correspond to an inactivated form with the prodomain, an intermediate form, and an active form without the prodomain of MMP-2, respectively (Fig. 1D) . In addition to those bands, some bands of 53, 38-34 kDa and a faint 28 kDa band were detected in the sperm extract by the antibody against a partial amino acid sequence (473-485) of the HPX domain of Xenopus MMP-2 (anti-MMP-2 HPX antibody) in the sperm extract (Fig. 1B, lane 2) . The proteins of 53, 38-34 kDa probably consist of the HPX domain, but lose the complete catalytic domain for enzymatic activity, since no lytic activity was observed in the gel below the 55 kDa band by zymography (Fig. 1A, lane 1) . MMP-2 with the catalytic domain (68-55 kDa) was accumulated in the membrane fraction of the sperm extract (Fig. 1B, lane 3) . Several fragments containing the HPX domain (53-28 kDa) were also detected in the membrane fraction (Fig. 1B, lane 3) . A large amount of the active form (55 kDa) was observed in the cytoplasmic fraction in addition to smaller fragments (42-39 kDa) (Fig. 1B lane 4) . These results indicate that not only the active form of MMP-2 with both the catalytic and HPX domains, but also some fragments with the HPX domain alone are accumulated in the sperm membranes.
When the sperm membrane fraction was immunoprecipitated by anti-MMP-2 HPX antibody, a sperm-surface glycoprotein (SGP) was co-precipitated with MMP-2 (Fig. 1C,  lanes 1 and 3) . Although the molecular weight of SGP is distributed in a wide range (49-135 kDa) in the sperm extract (Nagai et al., 2009) , only higher molecular fractions (76-106 kDa) of SGP were co-precipitated with MMP-2 (Fig. 1C, lane 3) , suggesting that a secreted type of MMP-2 forms a complex with SGP to localize on the sperm membrane. The localization of MMP-2 in association with SGP on the surface of sperm was confirmed by immuno-fluorescent microscopy ( Fig. 2) . MMP-2 was mainly localized on a middle and a posterior region of sperm head, including an acrosomal region around the tip of the head ( Fig. 2A and C) , but some aggregates of MMP-2 were distributed in the tail (Fig. 2B ). In contrast, SGP was almost homogeneously distributed over the whole sperm surface, including the tail region ( Fig. 2A-C) . MMP-2 apparently colocalized with SGP on the sperm surface ( Fig. 2A-C , Merge), which is consistent with the co-precipitation of SGP by anti-MMP-2 HPX antibody in the membrane fraction. In addition, when the sperm were treated with Ca 2+ ionophore A23187 to induce acrosome reaction, MMP-2 was distributed at the tip of the head in most sperm (Fig. 2D) , indicating accumulation or exposure of MMP-2 around the acrosomal region after acrosome reaction.
Inhibition of fertilization by inhibitors for MMP-2 and anti-MMP-2 HPX antibody
To investigate the role of MMP-2 in Xenopus fertilization, we examined the inhibition of fertilization in the presence of several inhibitors for the enzymatic activity of MMP-2. Fertilization of jellied eggs was completely inhibited by general inhibitors of MMPs: o-phenanthrolin (5 mM, Fig. 3A ) or GM6001 (Fig. 2D) . DIC, Differential interference contrast microscopy. Bars, 5 µm.
(100 µM, Fig. 3B ). Fertilization of jellied eggs was also almost completely inhibited by an inhibitor more specific for MMP-2: MMP-2 inhibitor II (100 µM, Fig. 3C ). Since MMP-2 inhibitor II irreversibly inhibited the enzymatic activity of MMP-2, the sperm were first treated by the inhibitor, and then used for inseminating the jellied eggs. Indeed, fertilization was significantly inhibited by pre-treatment of sperm with MMP-2 inhibitor II at 100-200 µM and was completely prevented by treatment at 500 µM (Fig. 3D) . Thus, the enzymatic activity of MMP-2 in the sperm is necessary for fertilization of jellied eggs surrounded by the extracellular investments of the jelly layers and the VE. In contrast, when the denuded eggs surrounded only by the egg plasma membrane were inseminated, fertilization was not affected by the treatment of sperm with MMP-2 inhibitor II (Fig. 3E ). These results indicate that the enzymatic activity of MMP-2 is necessary for interactions of sperm with extracellular investments, such as binding and passing through the jelly layers and the VE, but not for interactions between spermmembranes and egg-membranes. MMP-2 activity is not necessary for the induction of an acrosome reaction in the sperm on the VE, since the sperm underwent an acrosome reaction in the presence of o-phenathroline (4 mM, 43%), GM6001 (100 µM, 55%), or MMP-2 inhibitor II (100 µM, 43%), at rates similar to that seen in untreated sperm (49%, n = 50). Furthermore, when the sperm were treated with anti-MMP-2 HPX antibody (an undiluted fraction and see below), fertilization of jellied eggs was completely inhibited (Fig. 3F) . No significant inhibition of sperm motility was observed following treatment with those inhibitors or the antibody, so that many sperm reached on the vitelline envelope in those inhibitor-treated eggs. In contrast, the rate of fertilization in denuded eggs was significantly decreased by treatment of sperm with MMP-2 HPX antibody (Fig. 3F) . These results indicate that the HPX domain of MMP-2 on the sperm surface is involved in the sperm-egg membrane binding or/and fusion at Xenopus fertilization.
Egg activation induced by an HPX peptide of MMP-2
To investigate the role of the HPX domain of MMP-2 on the sperm surface in Xenopus fertilization, eggs were inseminated in the presence of the peptide corresponding to a partial amino acid sequence of the HPX domain: HPX peptide (473-485, GMSQIRGETFFFK, pI: 10.2). The anti-MMP-2 HPX antibody was raised against this peptide. Fertilization of jellied eggs was not affected by up to 0.25 mM peptide (% fertilization: 92.5 ± 6.6, mean ± SEM, 40-50 eggs, n = 3) in comparison with that without the peptide (91.6 ± 6.0%). At fertilization of dejellied eggs, the propagative increase in the intracellular Ca 2+ concentration
]i), a Ca 2+ wave, was induced by the fertilizing sperm and the eggs underwent activation ( Fig. 4A and B) . When the dejellied eggs were treated with 0.5-1.0 mM HPX peptide, the eggs underwent activation ( Fig. 4E-a) accompanied by an increase in [Ca 2+ ]i ( Fig. 4C and D) , which was similar to that at fertilization. It took 2-3 min until the Ca 2+ increase was initiated after peptide application, since the arrival of peptide on the egg surface was delayed by VE surrounding the eggs. The resumption of meiosis was confirmed by the formation of an egg pronucleus in the peptide-treated eggs (Fig. 4D, a and b) . More than 60% of the eggs were activated by 0.5 mM HPX peptide ( Fig. 4E-a) , whereas the rate of egg activation decreased when treated with the peptide in which arginine (478) was substituted by alanine (HPX R478A, pI: 7.01) ( Fig. 4E-b) . A shorter peptide containing the arginine (HPX 478-485, pI: 9.75) also caused egg activation ( Fig. 4E-c) , indicating that the arginine residue is important for the induction of egg activation. Furthermore, when the denuded eggs were treated with the agarose beads conjugated by the HPX peptide, the eggs underwent activation (Fig. 4F) , indicating that the HPX peptide transmits a signal for a [Ca 2+ ]i increase after binding to any molecules on the egg plasma membrane.
Binding of the HPX domain of MMP-2 to GM1 in egg membrane MD
To identify the molecules on the egg plasma membrane which interact with the HPX peptide, we tried to determine whether an MD of the egg membrane binds the HPX peptide. Biotinylated HPX peptides were bound on a Biacore sensor chip by which streptavidin had been captured. The binding of the MD fraction to the HPX peptide on the chip was detected with surface plasmon resonance (SPR) analysis (Biacore system) (Fig. 5A , 0 µg/mL). In the bound fraction, the presence of uroplakin III (UPIII) was confirmed by monitoring the further binding of anti-UPIII antibody (Fig. 5B) . To determine the involvement of negatively charged GM1 enriched in the MD for the interaction with the positively charged HPX peptide, exogenous GM1 was mixed with the MD fraction before addition to the chip. The binding of the MD was inhibited in the presence of GM1 in a dose-dependent manner (0, 10, 100 µg/ mL), while using asialo GM1 (100 µg/mL) without a positivelycharged sialic acid group or GM3 (100 µg/mL) with the sialic acid group similar to GM1, there was no inhibition (Fig. 5A asialo  GM1 and GM3 ). Furthermore, a very small amount of GM1 was detected on the sperm by FITC-conjugated cholera toxin B subunit (FITC-CTB) which specifically binds GM1 (Fig. 5C) , and a large amount of GM1 was bound on the sperm membrane after GM1 treatment ( Fig. 5E and F) . The bound GM1 was distributed over the whole head region, which is similar to the binding pattern of MMP-2 (see Fig. 2 ). In addition, the binding of GM1 was inhibited by the pre-treatment of sperm with anti-MMP-2 HPX antibody ( Fig. 5G and H) , showing that GM1 more selectively binds to the HPX domain on the sperm surface. These results indicate that the MMP-2 HPX domain on the sperm membrane interacts with GM1 in the MD of the egg membrane at fertilization.
Changes of voltage-dependency at fertilization by the treatment of sperm
To clarify the role of the HPX domain in voltage-dependent fertilization, we investigated the voltage-dependency in egg activation caused by the HPX peptide. Dejellied eggs were treated with the HPX peptide (2 mM, 20 µL) while clamping the egg membrane between -30 and +20 mV (Fig. 6) . In all eggs that were clamped at lower than -20 mV, the eggs showed a large change in the holding current shifting inwardly (activation current) at about 3 min after treatment, and they all underwent activation (Fig. 6A) . Although 70-80% of the eggs clamped at -10 -0 mV underwent activation during clamping, no egg showed an activation current or underwent activation by the peptide treatment at higher than 10 mV (Fig. 6C) . In fertilization of the jellied eggs, more than 80% of the eggs were fertilized at lower than -10 mV, but no egg was fertilized at higher than 0 mV under this voltage-clamping condition (Fig. 6C) . Thus, the egg activation induced by the HPX peptides is dependent upon the egg membrane potential and its voltage-dependency is similar to that in fertilization by sperm.
To investigate the role of GM1 and the HPX domain in voltage-dependent fertilization, we inseminated jellied eggs with the sperm which had been treated with GM1 or anti-MMP-2 HPX antibody at concentrations that did not inhibit fertilization. When the eggs were voltage-clamped at 10 mV and then inseminated, the fertilization (fertilization current) did not occur during clamping for 10 min. After that, in the same egg (Fig. 7A) , the holding voltage was negatively shifted in incremental steps (10 mV-step, 5 min). When inseminated with untreated sperm, about half of the eggs were fertilized at −20 mV, and the other half were fertilized at -10 mV (Fig. 7A and 7D untreated) . When inseminated with the sperm which had been treated by GM1 (100 µg/mL, 15 min), 10% of the eggs were fertilized at 0 mV, and 80% were fertilized at -10 mV (Fig. 7B and 7D GM1 ). The treatment with asialo GM1 or GM3 did not affect the voltagedependency at fertilization (Fig. 7D asialo GM1 and GM3) . Thus, the treatment of sperm by GM1 causes a positive shift of about 10 mV in the voltage for allowing the sperm entry into the egg.
In addition, when inseminated with sperm which had been treated with anti-MMP-2 HPX antibody (1:100-dilution, 15 min), 20% of the eggs were fertilized at 0 mV and 60% were fertilized at -10 mV (Fig. 7C and D, anti-MMP-2 HPX) , but the treatment by pre-immune antibody did not affect voltage-dependency (Fig. 7D pre-immune) . These results indicate that the reduction of the positive charge on the sperm membrane caused a positive shift in the voltage to block fertilization, which supports the notion that the positively charged MMP-2 HPX domain on the sperm membrane plays an important role in voltage-sensing at fertilization in association with negatively charged GM1 in the MD of the egg membrane.
Discussion
The present findings indicate that MMP-2 on the sperm membrane is necessary for the interaction not only with the egg extracellular coats, but also with the egg plasma membrane at Xenopus laevis fertilization. We found that enzymatic activity of MMP-2 was required for fertilization of jellied Xenopus eggs. The acrosome reaction in response to an acrosome reaction-inducing substance in Xenopus (ARISX) (Ueda et al., 2002 (Ueda et al., , 2003 was not affected by MMP-2 inhibitors and sperm reached on the vitelline envelope in the inhibitor-treated eggs. The enzymatic activity of MMP-2 is probably necessary for the sperm to bind and/or pass through the VE after the acrosome reaction, because it is reported that sperm proteases, including MMPs, are involved in the binding of sperm on the VE in Xenopus (Kubo et al., 2008) . In mammals, MMP-2 is associated with the inner acrosome membrane after the acrosome reaction and is possibly involved in the enzymatic digestion of the extracellular coat, i.e., the zona pellucida (ZP), during sperm penetration (Ferrer et al., 2012) . MMP-2 is known as secreted type of enzymes in MMP family, but MMP-2 of Xenopus sperm was obtained in the membrane fraction, and localized on the surface of sperm. These results suggest that MMP-2 is retained on the sperm membranes after secretion. Another major protease activity in Xenopus sperm is a tryptic protease with an apparent molecular weight of about 100 kDa (Mizote et al., 1999 ; unpublished observation), but which was not detected in our zymogram. We found that sperm-surface glycoprotein (SGP, Nagai et al., 2009 ) is closely associated with MMP-2 on the sperm membrane by the immuno-precipitation with anti-MMP-2 HPX antibody, and we demonstrated the colocalization of MMP-2 with SGP over the sperm surface. Thus, SGP seems to be responsible for the maintenance of the secreted type of MMP-2 on the sperm membrane. In addition, since SGP is involved in interactions not only with VE, but also with the egg plasma membrane (Kubo et al., 2010; Nagai et al., 2009 ), MMP-2 associated with SGP might participate in those interactions.
The inactive form of Xenopus MMP-2 consists of three domains: the pro-domain (Pro), the catalytic domain (Cat), and the HPX domain ( Fig. 1D and Appendix: Supplementary Fig. S1 ). We showed the expression of MMP-2 mRNA in the Xenopus testes (Appendix: Supplementary Fig. S1 ), and both the active (55 kDa) and inactive form (68 kDa) of MMP-2 were localized on the sperm membrane. In addition, the antibody against the HPX domain showed several additional smaller bands (53-28 kDa), indicating that some fragments of MMP-2 with the HPX domain, but without the catalytic domain (enzymatic activity), exist on the sperm membrane. Those fragments might be formed by proteolysis of precursor MMP-2. Interestingly, a 28-kDa form of MMP is observed in normal human sperm (Buchman-Shaked et al., 2002) . It was also reported that the enzymatic activity of MMP seems to be involved in the process of sperm-egg fusion during fertilization of sea urchins (Kato et al., 1998) and mammals (Correa et al., 2000) . However, the inactivation of Xenopus sperm MMP-2 by MMP-2-inhibitor II inhibited fertilization of the jellied eggs, but did not affect that of the denuded eggs. Therefore, the enzymatic activity of MMP-2 is probably unnecessary for membrane interactions between sperm and eggs at Xenopus fertilization. Fertilization of the denuded eggs was, however, inhibited by the treatment of sperm with anti-MMP-2 HPX antibody and MMP-2 localized around the acrosomal region after acrosome reaction. These results indicate the involvement of the HPX domain in binding and/ or fusion of membranes between sperm and eggs. The HPX domain of Xenopus MMP-2 contains an amino acid sequence (473-485) with an RGE sequence similar to a motif for binding to integrin. It is reported that some peptides with integrin-binding sequences (RGD or KTE) transmit a signal for egg activation into the egg cytoplasm (Iwao and Fujimura, 1996; Shilling et al., 1997) . In the present study, we also demonstrated that the binding of the HPX peptide (473-485) on the egg membrane caused an increase in [Ca 2+ ]i, similar to that induced by the sperm at fertilization. In this connection, the membrane MD plays an important role in the [Ca 2+ ]i increase at Xenopus fertilization (Mahbub Hasan et al., 2007; Sato et al., 2002) . The cleavage of Uroplakin III (UPIII) in the MD probably induces activation of Src kinase, followed by activation of PLCγ to produce IP3, which triggers the propagation of a Ca 2+ release from the cortical endoplasmic reticulum (CER) Sato et al., 1999) . The presence of a higher concentration of GM1 inhibits Xenopus fertilization (Mahbub Hasan et al., 2007) and the MD fraction obtained from unfertilized eggs restores the ability of sperm in fertilization of anti-UPIII antibody-treated eggs (Mahbub Hasan et al., 2014) . The RGDS peptide causes activation of Src kinase followed by a [Ca 2+ ]i increase (Sato et al., 1999) , indicating there is an interaction of the peptide with the MD containing UPIII. In the present study, we demonstrated that the MD fraction with UPIII bound the HPX peptide, and that this binding was inhibited by GM1, but not by asialo GM1 which is a GM1 derivative without a positively-charged sialic acid group or by GM3 with the sialic acid group. GM1 was scarce in the sperm, but a large amount of exogenous GM1 was able to bind to the sperm surface probably through the MMP-2 HPX domain. The arginine residue is important for egg activation, not only by the RGDS peptide (Iwao and Fujimura, 1996) , but also by the HPX peptides. Arginine residues contribute to the ability of the peptides to bind GM1 in the lipid membrane (Matsubara et al., 2007) , which may support the proposition that there is an interaction of the HPX peptide with GM1 in the MD on the egg plasma membrane. Taken together, our findings strongly support the notion that binding and/or fusion between the sperm membrane and the egg membrane is accomplished by an interaction between the HPX domain of MMP-2 and GM1 in the MD of the egg plasma membrane. In another frog, Discoglossus pictus, it is reported that the acrosome-reacted sperm bind gycoprotein on the egg membrane (270/260 kDa) (Campanella et al., 1997; Maturi et al., 1998) in association with lipovitelline 1 on egg membrane at the site of fertilization (Campanella et al., 2011) . It is worth to determine whether Discoglossus sperm contain MMP-2 with a positive HPX domain, since their fertilization is independent of the voltage of egg membrane (Talevi, 1989) .
Moreover, our results indicate that the sperm entry into the egg as well as egg activation ([Ca 2+ ]i increase) was prevented completely by the voltage-clamp of unfertilized eggs at voltages higher than 0 mV ( Fig. 7A and D) . The voltage to prevent fertilization in this clamping system was in some degree lower than that in our previous experiments in Xenopus (Iwao et al., 1994) , but this likely reflects the accuracy of recording systems used in the present experiment. The voltage-dependency in the present study was similar to that reported by Glahn and Nuccitelli (2003) . These results are consistent with the notion that a positive-going fertilization potential reaching levels higher than 0 mV within 1-2 seconds prevents the entry of excess sperm as a fast electrical block to polyspermy in Xenopus eggs. Interestingly, the HPX peptides caused egg activation in a voltage-dependent manner (Fig. 6C) . It was previously reported that the RGD peptide (RGDS, pI: 6.45) (Iwao and Fujimura, 1996) or the xMDC16 peptide (CRMPKTEC, pI: 8.29) (Shilling et al., 1998) induced activation of Xenopus eggs. However, the activation by RGDS is insensitive to positive potentials (Iwao and Fujimura, 1996) . The xMDC16 peptide induced egg activation in a voltage-dependent manner, but its blocking voltage (+20 mV) is higher than that in fertilization (Shilling et al., 1998) . The voltage-dependency in the HPX peptide (GMSQIRGETFFFK, pI: 10.15) is more similar to that of the fertilizing sperm than that of the xMDC16 peptide (Fig. 6C) . The voltage-dependency in egg activation by the peptides seems to correspond to the level of their positive charge in the insemination solution, a 50% Steinberg's solution (pH 7.4).
We previously proposed that a positive molecule on the sperm membrane is involved in sensing the voltage of the egg membrane at fertilization (Iwao and Jaffe, 1989) . The level of voltage to prevent fertilization is dependent on the sperm species in the fertilization of amphibians (Iwao and Jaffe, 1989; Jaffe et al., 1983) and in marine invertebrates (Jaffe et al., 1982) . In the present study, we showed that pre-treatment of the sperm membrane with negatively charged GM1 or the antibody against the positively charged HPX domain allows for sperm to fertilize eggs clamped at 0 mV, at which level fertilization never occurs in insemination with untreated sperm. These results are consistent with the notion that the positive molecule on the sperm is important for voltage-dependent fertilization. However, the detailed observation for the site of membrane fusion between sperm and egg has not yet been determined at Xenopus fertilization. Although the electrical charge around the acrosomal region has probably the most important role for the regulation of the fusion process, it is possible that the sperm plasma membrane in the head region is also involved in the voltage-dependent fertilization. For example, the tight binding of sperm head on the egg surface by the HPX peptide might be important for promoting a membrane fusion process.
We propose a model for voltage-dependent fertilization in the fast electrical block to polyspermy (Fig. 8) . A primary sperm can bind the egg membrane with a negative potential (−20 mV), probably by electrostatic interactions between the positively charged HPX domain and negatively charged GM1 in the MD. At sperm binding, UPIII may be cleaved by a tryptic protease on the sperm (Mizote et al., 1999) to activate Src kinase followed by activation of PLCγ to form IP3. IP3 binds the IP3-receptor on CER to release Ca 2+ ions into the egg cytoplasm.
The increase in [Ca 2+ ]i induced by the primary sperm opens Cl --channels on the egg membrane to generate a positive fertilization potential (+10 mV), which prevents extra sperm from binding and/or fusing with the fertilized egg. This also seems to be important for binding of GM1 (Matsubara et al., 2007) . The interaction with the positively charged arginine residue of the HPX domain seems to be more specific for GM1, because GM3 with sialic acid neither affected voltagedependency nor binding of MD to the HPX peptide. Since some smaller fragments (38-28 kDa) were detected in the sperm membrane fraction, they may play a role in retaining the positive charge on the sperm membranes. However, we cannot rule out the possibility that GM1 causes the change in the sperm membrane potential, because it was recently reported that GM1 triggers a Ca 2+ influx through Ca 2+ channels in mammalian sperm (Cohen et al., 2014) . Further investigation into the interactions of sperm with GM1 will be important, since the MD fraction with GM1 changes fertilizability in eggs treated with anti-UPIII antibody (Mahbub Hasan et al., 2014) . On the other hand, anti-MMP-2 HPX antibody bound the HPX domain and may cover its positive charge to reduce the net charge on the sperm membrane. Since MMP-2 is closely associated with SGP (pI 5.5-6.0), which probably has a weak negative charge, and the treatment of sperm with anti-SPG antibody inhibits fertilization of denuded eggs (Nagai et al., 2009) , the role of SGP in the interaction between the MMP-2 HPX domain and GM1 on the sperm surface should be further investigated. This is the first study to report that the voltage-dependency in fertilization was altered by a change in the property of the sperm. The HPX domain of sperm MMP-2 and GM1 in the egg MD play important roles in the voltage-dependent fertilization of Xenopus. However, additional mechanisms may be involved in the fast electrical block to polyspermy, since it has been proposed that voltage-dependent phosphatase in sperm regulates sperm-egg fusion at fertilization of Xenopus (Ratzan et al., 2011) . To more fully understand the mechanisms involved in voltage-dependent fertilization, it is worth to investigate the voltage-dependency at fertilization by MMP-2-deficient sperm in further studies.
4.
Experimental procedures
Collection of gametes and their extracts
Xenopus laevis were purchased from dealers and maintained in our laboratory. To obtain mature eggs, each female was injected with 375 IU of human chorionic gonadotropin (HCG; "Aska Pharmacology") in the dorsal lymph sac and kept at 18°C for 12 h. The jellied, mature eggs were collected by gentle massage of the abdomen. To obtain a larger amount of mature sperm, each male was injected with 250 IU of HCG in the dorsal lymph sac and kept at 18°C for 12 h. The sperm were released by mincing testes into 33% De Boer's solution (DB; 100% DB: 110 mM NaCl, 1.3 mM KCl, 1.3 mM CaCl2, 5.7 mM TrisHCl, pH 7.4) or 50% Steinberg's solution (SB; 100% SB: 58 mM NaCl, 0.67 mM KCl, 0.34 mM CaCl2, 0.85 mM MgSO4, 4.6 mM Tris-HCl, pH 7.4).
To obtain a sperm extract containing the plasma membrane vesicles, sperm (5 × 10 7 cells/mL) were washed twice with 100% DB by centrifugation (450 g, 15 min, 4°C), and suspended in 10% SB, in some cases with 1% protease inhibitor cocktail (25955-11, "Nacalai") . After freezing at −80°C for 1 h, the sperm suspension was centrifuged (10,000 g, 20 min, 4°C) and the supernatant was collected. The supernatant was centrifuged at 114,000 g for 60 min at 4°C. The precipitate and the supernatant were collected as a sperm membrane fraction and a sperm cytoplasmic fraction, respectively. They were stored at −80°C until use. The peptides were purchased from "SigmaAldrich" in Japan and their isoelectric points (pI) were estimated by "GENETYX" (Ver. 10).
To obtain microdomain fraction of unfertilized eggs, the eggs were subjected to the preparation of membrane microdomains as described previously (Sato et al., 2006) . Briefly, eggs were homogenized with a 5-fold volume of ice-cold extraction buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 mM 2-mercaptoethanol, 1 mM Na3VO4, 10 µg/ mL leupeptin, and 20 µM APMSF. The homogenates devoid of debris were centrifuged at 112,100 g for 1 h. After the centrifugation, the fluffy layer of the pellets, rich in plasma membranes, were collected and adjusted to 1% Triton X-100 (w/v) and 42.5% (w/v) sucrose. The mixtures were then layered with 30% (first) and 5% (second) sucrose in the extraction buffer and centrifuged at 141,000 g for 20 h in a P28S swing rotor ("Hitachi Koki"). After the centrifugation, aliquots of 12 fractions were collected from the top to bottom of the tubes. Fractions 3-6 were pooled as low density, detergent-insoluble membrane fractions as membrane microdomains. These fractions contained a large amount of Uroplakin III (UP III) which mainly distributed in egg plasma membrane.
Gelatin zymography, Western blot, immunoprecipitation and immunocytochemistry
For determining protease activity by gelatin zymography, the sperm extracts were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) with a 10% gel containing 1 mg/ mL gelatin in nonreducing condition at 4°C. The gel was washed twice with 2.5% Triton X-100 for 30 min and then twice with distilled water for 20 min. The gel was incubated in 100 mM Tris-HCl (pH 7.6) and 15 mM CaCl2 at 37°C for 24 h, and then fixed with 50% methanol and 10% acetic acid for 10 min. Digested bands were visualized by the staining with 0.25% coomassie brilliant blue.
For Western blot, the samples were separated by SDS-PAGE in nonreducing condition on a 10% gel and electrotransferred to a PVDF membrane with semi-dry blotter (AE-6675, "ATTO"). The membrane was blocked with 5% skim milk in TTBS (0.1% Tween-20, 155 mM NaCl, 100 mM Tris-HCl, pH 7.4) for 1 h, and then incubated with anti-human MMP-2 catalytic domain antibody (sc-10736, "Santa Cruz Biotech.") at 1:500-dilution, or anti-MMP-2 hemopexin domain (HPX) antibody against HPX peptide (GMSQIRGETFFFK) at 1:100-dilution overnight at 4°C. The membrane was incubated with a peroxidaseconjugated anti-rabbit IgG goat antibody (A6667, "SigmaAldrich") at 1:10,000-dilution. The bands were visualized by a chemiluminescence detection system (ECL plus; RPN2132, "GE Healthcare") according to the manufacturer's protocol.
To observe the distribution of the antigen recognized by anti-MMP-2 antibodies on sperm, sperm (5 × 10 5 cells/mL) were fixed with 2% formaldehyde in DB for 30 min. In some cases, the sperm were treated with Ca 2+ ionophore A23187 (10 µM, 15 min) to induce acrosome reaction before fixation (Ueda et al., 2002) . The sperm were attached on a slide glass coated with 0.01% poly-L-lysine (PLL). They were incubated with 1% BSA in 100% DB for 5 min for blocking, and then treated with anti-MMP-2 HPX antibody (1:100-dilution) for 20 min, followed by incubation with an anti-rabbit IgG goat antibody (1:400-dilution, Alexa 488-conjugated; A11010, "Molecular Probes") in the blocking medium for 20 min in the dark. After washing with DB by centrifugation (200 g, 4°C, 10 min). The sperm were treated with anti-SGP antibody (1:1000-dilution) (Nagai et al., 2009 ) for 20 min, followed by incubation with an anti-mouse IgG goat antibody (1:400-dilution, Alexa 546-conjugated; A11010, "Molecular Probes") in the blocking medium for 20 min in the dark. After washing with DB by centrifugation (200 g, 4°C, 10 min). The specimens were mounted with a SlowFade anti-fade reagent ("Molecular Probes"), and observed under an inverted laser scanning confocal microscope (LSM 510 META, "Carl Zeiss"). The observation was made under the setting of microscope in which no fluorescence was detected in control specimens. Ganglioside GM1 on the sperm membrane was visualized by FITC-conjugated cholera toxin subunit B (FITC-CTB; C1655, "Sigma-Aldrich") specifically binding to GM1. The sperm were incubated with 10 µg/mL FITC-CTB in DB containing 0.5% BSA at room temperature for 1 h. The fertilizabiliy was not affected by the FITC-CTB in this condition. In some cases, the sperm were treated with 100 µg/mL GM1 (G9652, "Sigma-Aldrich") at room temperature for 1 h before CTB-treatment. The sperm were washed two times, fixed with 3.5% formaldehyde, and then observed under the inverted laser scanning confocal microscope.
Beads conjugated with Protein A (P1406, "Sigma-Aldrich") was suspended in HNTG buffer (150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 20 mM Hepes-NaOH, pH 7.5) and washed twice by centrifugation (350 g, 4°C, 20 min) . The sperm extract supplemented with 0.1 M NaCl was mixed with the anti-HPX antibody (1:10-dilution) and incubated overnight at 4°C. The mixture was incubated with the beads at 4°C for 60 min with constant shaking. The beads were washed three times with HNTG buffer by centrifugation. The immunocomplexes were extracted from the beads by the treatment with a sample buffer for SDS-PAGE (95°C, 5 min), and analyzed by Western blot with anti-MMP-2 HPX antibody or anti-Xenopus sperm-surface glycoprotein (SGP) antibody (2A3D9, Nagai et al., 2009 ).
Assay for inhibition of fertilization by inhibitors and antibody
The sperm suspension at about 5 × 10 6 cells/mL in 33% DB was mixed with inhibitors for MMP, o-phenanthrorine ("Dojinso"), GM6001 ("Calbiochem") or MMP-2 inhibitor II (444286, "Calbiochem"), and incubated at room temperature for 15 min on a Petri-dish in a moist chamber. And then 30-40 unfertilized eggs were added to the sperm suspension for insemination. In some cases, the inhibitor-treated sperm were washed with 33% DB (200 g, 4°C, 10 min, twice) and then the eggs were inseminated. For antibody treatment, the sperm suspended in DB (50 µL) was treated with the antibody for 20 min. After dilution with 150 µL distilled water, unfertilized eggs were added to the sperm suspension. The fertilization was judged by the occurrence of cortical contraction and the first cleavage. The fertilization of "denuded eggs" with plasma membrane exposed was performed as described previously (Mizote et al., 1999) . The sperm for insemination were suspended in the jelly water solution (10 7 cells/mL) to activate sperm and to induce an acrosome reaction. The acrosome reaction was determined according to the method described previously (Ueda et al., 2002 (Ueda et al., , 2003 .
Detection of molecules binding the HPX peptide by SPR system
Biotinylated HPX peptide was captured on a sensor chip CAP with Biotin capture kit (28920233, "GE healthcare") according to the manufacturer's protocol. The egg membrane microdomain fraction was applied on the sensor chip with a flow of HBS-P-CM (150 mM NaCl, 10 mM Hepes-NaOH, pH 7.4, 0.005% Surfactant P20, 1 mM CaCl2, 2 mM MgCl2). The binding against the HPX peptide was detected by a surface plasmon resonance (SPR) system (Biacore J, "GE healthcare"). Samples were injected over the sensor chip surface at a flow rate of 15 µL/ min at 25°C. Uroplakin III (UPIII) bound on the sensor tip was detected by further application of anti-UPIII antibody. Data were corrected by subtracting the blank run by Biacore J control software (ver. 1.1) and analyzed by BIA evaluation software (ver. 4.1).
Microinjection, [Ca
2+ ]i measurement, electrical recording
The dejellied eggs were washed with NKP solution (120 mM NaCl, 7.5 mM KCl, 10 mM Na2HPO4 and NaH2PO4, pH 7.0, 4% polyvinylpyrrolidinone) and then transferred to injection buffer (IB: 5.0 mM KCl, 1.0 mM EGTA, 50 mM Na2HPO4 and NaH2PO4, pH 7.0, 4% polyvinylpyrrolidinone). The microinjection was carried out with a glass micropipette having a tip diameter of 10-20 µm in IB. Each egg was injected with 33 nL of a Ca 2+ -sensitive fluorescent dye, Oregon green 488 BAPTA-1 dextran 10,000 MW (0.5-2 mM, "Molecular Probes"). The injected eggs were kept in IB 5 min and then incubated in healing buffer (HB: 5.0 mM KCl, 1.0 mM CaCl2, 50 mM Na2HPO4 and NaH2PO4, pH 7.0, 4% polyvinylpyrrolidinone) 5 min to enhance wound healing. The eggs were transferred to 50% SB, and then were inseminated by sperm or treated by a HPX peptide. The fluorescent images of the injected egg were taken with a highly sensitive CCD camera (ORCA-flash2.8, "Hamamatsu photonics") and software operating the camera (MetaMorph ver. 7.8.2.0, "Molecular Devices") every 10-20 sec. The fluorescence intensity was measured by MetaMorph. For voltage clamping, two electrodes were inserted into an egg, one for measuring the membrane potential and another for passing the current. The electrical recording was made with a microelectrode amplifier (Axoclamp 900A, "Axon CNS, Molecular Devices"). All signals were recorded by an AD converter (Digidata 1440A, "Axon CNS, Molecular Devices") at 100 Hz (10 msec intervals). Current was measured with a converter between ground and the Ag-AgCl reference electrode connected to the bath. All experiments were carried out at 20-23°C.
Cloning of Xenopus laevis testis MMP-2 cDNA
Following isolation of total RNA from Xenopus laevis testis with Trizol reagent (15596-026, "Invitrogen"), poly(A) RNA was purified with Poly(A) isolation kit (317-0564, "Nippon gene"), and RACE was performed using the GeneRacer kit (L1502-01, "Invitrogen"). Xenopus laevis testis MMP-2 fragment was obtained by degenerate PCR against Xenopus laevis MMP-2 derived from tadpole tail (GenBank, AY037943). The 5′ and 3′ RACE PCRs were carried out using gene specific primers to testis MMP-2 fragment. The RACE products were cloned into pGEM-T Easy vector (A1360, "Promega") and sequenced with BigDye Terminator v3.1 reaction kit (4337454, "Applied Biosystems"). The full length sequence of testis MMP-2 was obtained (Appendix: Supplementary Fig. S1A ).
